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Prospects for rapid deceleration of small molecules by optical bichromatic forces
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We examine the prospects for utilizing the optical bichromatic force (BCF) to greatly enhance laser
deceleration and cooling for near-cycling transitions in small molecules. We discuss the expected
behavior of the BCF in near-cycling transitions with internal degeneracies, then consider the specific
example of decelerating a beam of calcium monofluoride molecules. We have selected CaF as a
prototype molecule both because it has an easily-accessible near-cycling transition, and because it
is well-suited to studies of ultracold molecular physics and chemistry. We also report experimental
verification of one of the key requirements, the production of large bichromatic forces in a multi-level
system with significant energy level splittings, by performing tests in an atomic beam of metastable
helium.
PACS numbers: 37.10.Mn,37.10.De,37.20.+j
I. INTRODUCTION
Despite the immense successes of laser deceleration and
cooling for atoms, the direct application of these meth-
ods to molecules has been extremely limited, due to the
absence of true two-level cycling transitions even in the
simplest of diatomic molecules. Instead, the explosive re-
cent growth of activity on cold and ultracold molecules
has relied on indirect methods including photoassocia-
tion, magnetoassociation, buffer-gas cooling, and others
[1]. The sole exception is the very recent demonstration
of 1-D cooling and laser deceleration for SrF molecules
in the near-cycling A − X transition [2–4]. This was
accomplished by using numerous repumping frequencies
to recover molecules lost by radiation to the wrong vi-
brational, fine-structure, or hyperfine level, thus permit-
ting the thousands of excitation-decay cycles required to
achieve a significant radiative force.
In this paper we examine the prospects for greatly en-
hancing the radiative force on molecules by utilizing the
optical bichromatic force (BCF), in which many stim-
ulated cycles of excitation and emission occur for each
radiative cycle. There are numerous diatomic molecules
with near-cycling transitions for which laser decelera-
tion and cooling should be at least marginally practi-
cal [2, 5, 6], many of them polar molecules that are of
particular interest at ultracold temperatures because of
their strong anisotropic interactions [1, 7]. If a BCF en-
hancement of the radiative force by 1-2 orders of mag-
nitude can be obtained, the task becomes far easier. As
a representative example, we examine in some detail the
requirements for decelerating a beam of calcium monoflu-
oride molecules. We select CaF as a prototype molecule
both because it has an easily-accessible near-cycling tran-
sition and because it is well-suited to studies of ultracold
molecular physics and chemistry. Its excited-state spec-
trum has been studied very extensively, particularly in
Rydberg states [8–18], which should greatly facilitate fu-
ture high-resolution experiments on laser-cooled beams
or trapped samples of this species. In addition to calcula-
tions for CaF, we also report experimental tests in atomic
w0 ± d + kv w0 ± d - kv 
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FIG. 1. (color online). Simplified sketch of the optical bichro-
matic force on a diatomic molecule. Two-color beams impinge
from each direction, offset by frequencies ±δ from resonance
at ω0. For large molecular velocities v, Doppler offsets of ±kv
must also be added. The frequency pairs at ±δ give rise to
a series of rf beat notes, each with a pulse area of approxi-
mately pi. Alternating cycles of excitation from the right and
stimulated emission from the left produce a large decelerating
force directed to the left. The direction is controlled by the
relative phase of the beat notes from the right and the left.
helium of one of the key requirements, the production of
bichromatic forces in a multi-level system with several
simultaneously cycling transitions, not all of which con-
tribute to the force.
Of the several configurations utilizing two-frequency
beams that can yield rectified optical forces [19, 20], it is
well-established that the counterpropagating-beam BCF
configuration shown in Fig. 1 works best for deceleration
and cooling of a two-level system [19–27]. Here a pair of
oppositely directed two-color beams is configured so that
in the frame of a moving atom or molecule, the Doppler-
shifted frequencies in each beam are ω0±δ, thus creating
a pair of counterpropagating beat note pulse trains. If
the laser power is chosen so that the area of each rf beat-
note pulse is approximately pi, the atom or molecule will
experience a sequence of alternating excitations and stim-
ulated de-excitations. A large deceleration results if the
excitations come from the right-hand beam and the de-
excitations from the left. If the beat notes have a relative
rf phase of pi/2, heuristic arguments suggest that the cor-
rect sequence occurs on average 3/4 of the time, while the
incorrect sequence, leading to acceleration, occurs 1/4 of
2the time. Numerical calculations and experiments sup-
port this argument. If the cycling rate is fast compared
to the radiative decay time, the average force can greatly
exceed the ordinary radiative force.
This concept was pioneered both experimentally and
theoretically in the late 1980’s and 1990’s, largely by the
group of Yatsenko [28–30] and by Grimm and coworkers
[20–22], who ultimately slowed a cesium atomic beam
to 8 m/s [23]. More recently the Metcalf group at
Stony Brook has extensively investigated the BCF on
metastable atomic helium (He*) beams. They have
demonstrated both transverse collimation and longitudi-
nal slowing by 325 m/s in a region just a few centimeters
long [19, 24–27] and devised improved theoretical treat-
ments. However, BCFs have not so far been used to pro-
duce ultracold atoms for magnetic or optical trapping.
In view of this long and mostly successful history, it
seems odd that BCF decelerators have found only limited
use. In the case of alkali atoms, this is largely because
direct or indirect vapor-cell loading often eliminates the
need for a decelerator, and it is not particularly diffi-
cult to construct a Zeeman slower when one is needed.
Another consideration is that it was technically difficult
until recently to produce high-power cw laser beams at
multiple frequencies with good control over the relative
rf phase. There appears to be just one previous attempt
to apply a BCF-like force to a molecule, a 1994 exper-
iment in which counterpropagating mode-locked pulse
trains produced a small transverse deflection in a Na2
beam [29], with a total momentum increment up to 20~k
that was limited by unwanted optical pumping into dark
states. In that work, the time sequencing of counterprop-
agating pulse pairs played a similar role to the phase shift
between beat notes in the counterpropagating-beamBCF
of Fig. 1.
Assuming that technical problems such as optical
pumping can be overcome, the force multiplication of-
fered by the BCF at large detunings δ is even more at-
tractive for near-cycling molecular transitions than for
atoms, because the available interaction time is generally
constrained by out-of-system radiative decays. In Section
II of this paper, we discuss general considerations govern-
ing BCFs in a molecular transition, and in Section III we
consider the specific example of CaF, still with an em-
phasis on readily generalizable approximations. In Sec-
tion IV we present a simple experimental test of the BCF
in a multilevel atomic system, metastable He* atoms il-
luminated by pi-polarized light. These experiments test
both the feasibility of using the BCF in a multilevel sys-
tem and the sensitivity of the force to energy level shifts
away from the laser center frequency ω0.
II. BASIC PROPERTIES OF THE BCF FOR A
NEAR-CYCLING TRANSITION
In this section we begin with a summary of the basic
BCF parameters for a two-level system, then discuss the
modifications necessary for a near-cycling transition that
may also contain multiple internal levels. For the two-
level case, both the heuristic argument given above and
theoretical dressed-atom treatments [19, 20, 25, 26] show
that the maximum attainable bichromatic force for a two-
level atom is given approximately by
FTLAb = ~kδ/pi. (1)
This is larger than the radiative force FTLArad = ~kγ/2
by a factor of ≃ 0.64 δ/γ. The optimal Rabi frequency
for each beam is Ω =
√
3/2 δ, slightly larger than the pi-
pulse condition of Ω = (pi/4)δ. The corresponding laser
irradiance for each beam is given by
Ib = 3
(
δ
γ
)2
Is, (2)
where Is is the ordinary saturation irradiance at reso-
nance [31] and γ is the upper-level decay rate. Numerical
calculations and experiments also show that the BCF has
a much wider velocity range than the radiative force,
∆vb ≃ δ/k, (3)
compared with ∆vrad ≃ γ/k for a two-level system.
Clearly it is advantageous to use large detunings δ,
but a practical limit is set by the quadratic scaling of
the required laser power in Eq. 2, which will eventually
outstrip any available laser resources. In actual practice
detunings of δ ≃ 200γ have been used successfully for
metastable He atoms, although at 300γ we have seen ev-
idence that the force begins to lose the symmetric velocity
profile characteristic of rectified optical forces [32].
Another important property of the BCF is that it usu-
ally has a rather sharp lower velocity limit, which gives
rise to cooling of the velocity distribution in addition
to slowing, because the slowed molecules will “pile up”
at the lower velocity limit. This is apparent, for exam-
ple, in the results reported in Ref. [23]. BCF cooling
is the primary topic of a recent discussion by Metcalf
[33], who also mentions briefly the possibility of applying
counterpropagating-beam BCFs to molecules.
We now turn to the case of a near-cycling transition,
initially without considering its degeneracy. A typical
example is the A−X , (0−0) band in MgF, CaF, or SrF,
for which the Franck-Condon factors are in the range
0.98 − 0.99 [2, 17, 18], so the molecules will be lost to
out-of-system decay in about 50 − 100 spontaneous de-
cay cycles unless additional repump lasers are added. In
this case the above relations are still valid, but the max-
imum BCF momentum transfer will generally be limited
by the time Tloss until an out-of-system decay occurs. To
determine Tloss for a molecule with spontaneous decay
lifetime 1/γ and Franck-Condon factor F, an estimate
is needed for the probability Pe that the molecule is in
the excited state. For a single laser beam at the op-
timal irradiance Ib, this would be Pe = 0.3, but for a
full four-beam BCF configuration the situation is more
complicated. The bichromatic beat-note phase shift of
3-98.3 MHz
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FIG. 2. (color online). Rotationally closed transition from
the N ′′=1 level of the X 2Σ+, v′′=0 ground state of CaF to
J ′=1/2 in the A 2Π1/2, v
′=0 state. The corresponding transi-
tion in SrF was used for laser cooling in Ref. [3]. The ground-
state fine structure and hyperfine structure give rise to a total
of 12 mF ′ and mF ′′ levels, not shown. In traditional notation
[8] this is a combination of the near-degenerate Q12(0.5) and
P11(1.5) branches.
pi/2 corresponds to the condition that the molecules fol-
low dressed-atom trajectories comprised primarily of the
ground-state wave function [23, 25], but the exact value
of Pe will depend on averaging over velocity profiles and
laser mode profiles. Here we will assume that Pe ≈ 1/3,
near the center of the possible range, and the loss-limited
interaction time is given by
Tloss =
1
γPe(1− F)
. (4)
The maximum possible velocity decrease from the BCF
is given by the smaller of ∆vb from Eq. 3 and the value
obtained if deceleration continues for the full available
time Tloss,
∆vloss = Tloss
Fb
M
, (5)
where M is the mass of the molecule. In the two-level
case this simplifies to
∆vTLAloss ≃
3
γ(1− F)
~kδ
piM
. (6)
A. Degeneracy and near-degeneracy
In any real molecular transition, the effects of small
internal splittings and degeneracies must also be consid-
ered, including fine structure (fs) and hyperfine struc-
ture (hfs) as well as the magnetic quantum numbers mJ
or mF . For example, the CaF and SrF molecules each
have nuclear and electronic spins I=S=1/2, leading to
structure such as that shown in Fig. 2 for CaF. The
analogous rotationally closed system in SrF was used in
recent demonstrations of Doppler and Sisyphus cooling
[2, 3]. In either species, the upper-state hfs is negligibly
small, but still gives rise to four near-degeneratemF ′ sub-
levels, and the N ′′ = 1 lower state has four well-separated
hfs levels with a total of 12 mF sublevels. To achieve
Doppler and Sisyphus cooling [3], the states are inten-
tionally mixed using a combination of Zeeman mixing
and several repumping frequencies that are introduced
using electro-optical modulators. A vibrational repump-
ing laser is also used to extend the value of Tloss. The net
effect is to introduce a degeneracy that reduces the two-
level radiative force, because the molecules spend only
about 1/7 of their time in the less numerous sublevels of
the excited state [2].
There are two important differences between the BCF
case and that of Doppler cooling: First, the large Rabi
frequency used for the BCF causes power broadening that
can make many or all of the fs and hfs levels nearly reso-
nant, reducing the need for added repumping frequencies.
Second, a new problem arises because the transitions be-
tween the various sublevels have varying rates that can
easily span an order of magnitude [18], and some will be
detuned from exact resonance, so not all of them can si-
multaneously be driven at the optimal rate for the BCF.
To account for these effects, the results of the preceding
section must be modified. The excited-state probability
Pe, previously taken to be ≈ 1/3, is estimated using a
weighted degeneracy factor that has the same two-level
limit,
Pe ≈
ge/2
ge/2 + ga + gd
. (7)
Here ge is the degeneracy of the excited state, ga is the
degeneracy of the ground-state levels that are active in
the BCF, and gd is the degeneracy of “dark” ground
state levels that are populated but do not participate in
the BCF. There is a certain arbitrariness to the method
used for adjusting the excited-state fraction to a slightly
non-statistical value, since for a strongly coupled multi-
level system, the actual value is determined by system-
dependent coherent cycling. We use the ge/2 weighting
because it correctly treats the effects of weakly-coupled
dark levels on a system with multiple decoupled two-level
cycles, such as the scheme shown in Fig. 3. Repumping
of these dark levels is discussed in Sec. II B.
For the bichromatic force, the level-averaged cycling
rate is reduced if only a fraction of the ground-state levels
are active, again requiring a weighted degeneracy factor.
An additional “force reduction factor” η is introduced to
account for possible further reductions in the BCF due
to variations in line strength and frequency shifts from
level to level,
Fb =
~kδ
pi
ge/2 + ga
ge/2 + ga + gd
η. (8)
4The degeneracy factor is again chosen to describe a
system with multiple decoupled two-level cycles, and
system-dependent deviations due to interference in mul-
tilevel coherent cycling are taken to be part of η. The loss
time is still given by Eq. 4, and the velocity change δv by
the smaller of Eqs. 3 and 5, providing that the revised
values of Pe and Fb are used. The ordinary radiative
force is also reduced, although in this case the impact of
degeneracies and dark states is purely statistical:
Frad =
~kγ
2
ge
ge + ga + gd
. (9)
To deal with the negative impacts of degeneracies and
inexact Rabi frequencies, at least three experimental
schemes are possible, any of which might be preferable
depending on the particular level structure and experi-
mental objectives for a specific molecule:
(1) Ignore the degeneracy, apart from adding a small
magnetic field to circumvent optical pumping into coher-
ent dark states, as in Ref. [2]. A significant average BCF
is still be possible, because as long as the bichromatic
beat notes are phased properly the resulting force is al-
ways positive or zero, never negative, even for grossly
incorrect values of the laser frequencies and the Rabi
frequency. Assuming the force is applied for many ra-
diative cycles, each molecule will spend some of its time
in the sublevels for which the BCF is near-optimal, and
every molecule will see the same time-averaged force. A
complete quantitative model would require extending the
numerical methods of Refs. [20, 23, 26] to a multi-level
set of optical Bloch equations (OBEs) tailored to each
specific system. However, two-level OBE simulations are
sufficient to establish the tolerance of the BCF to non-
ideal configurations. The results of such calculations for
non-optimal Rabi frequencies are shown in Fig. 1 of Ref.
[23] and Fig. 62. of Ref. [25], indicating that substan-
tial forces are still produced for variations of up to about
20%. We have used similar numerical modeling to in-
vestigate the effects of frequency shifts away from the
nominal resonant frequency ω0, an issue that has not
previously been studied. Our modeling shows that as
the shift increases, the BCF force profile always retains
about the same velocity range, but the average force is
reduced. Table I shows the calculated force reduction
factor η as a function of the shift, measured as a fraction
of the bichromatic detuning δ. In Section IV we describe
an experimental test in metastable atomic helium.
(2) Use brief pulses of the BCF beams with σ− circular
polarization, alternating with optical pumping using σ+
polarization. If the fine and hyperfine structure is not too
large, the optical pumping can include all of the fs and hfs
levels by use of modulator-induced sidebands as in Ref.
[2]. In this case the population will mainly cycle between
extremal mF levels, creating a temporary two-level sys-
tem that is destroyed after several radiative decay cycles.
Depending on the degeneracies and decay rates, the BCF
beam could be left on for at least a few radiative decay
times, followed by optical pumping for perhaps 4-10 de-
TABLE I. Calculated force reduction factors η for Eq. 8, for
levels shifted from the laser center frequency ω0. Shifts are
tabulated as a fraction of the bichromatic detuning δ.
Fractional Shift η
0 1.0
0.1 0.76
0.2 0.45
0.3 0.25
cay times. Taking this repumping interval into account
as a loss in the time-averaged force, values of η in the
range of about 0.2-0.6 might be expected.
(3) Circumvent the problem by locating a rotational
branch for which the upper and lower levels have similar
sublevels and no dark states, such as the Q11(0.5) branch
in CaF shown in Fig. 3. Such a transition will generally
not be rotationally closed (for example, decay to N ′′ = 2
can occur in this example), but a rotational repumping
laser can plug this hole. In such a case there will gener-
ally be several sets of levels that cycle independently in
the BCF laser field, although the molecules will randomly
switch from one cycle to another when spontaneous de-
cay occurs. This occasional redistribution of mF should
make little difference to the BCF, and helps to insure
that each molecule sees the same time-averaged force. In
the example of Fig. 3 the upper and lower states, each
with J=1/2, have F=0 and F=1 components with no
fine structure. For pi-polarized light there are four sepa-
rate pairs of cycling magnetic sublevels, all with the same
line strength except for the effects of frequency shifts due
to the hyperfine splitting. Here the force reduction fac-
tor η is determined mainly by these frequency shifts, and
can be estimated from Table I. There will also be degen-
eracy factors due to the level multiplicities ga and gd, as
in method (1), depending on the level structure and the
repumping scheme.
B. Repumping
Although the BCF can serve as a highly effective force
multiplier, in most cases it will still be necessary to use
repumping lasers to avoid premature loss of the molecules
to “dark” states before the deceleration and cooling pro-
cess is complete. Compared to repumping in conventional
radiative laser cooling schemes, the rapid coherent cy-
cling of the BCF transition introduces a few new issues,
but also a few new possibilities. Assuming that a weak
cw laser is used to repump a dark level to the excited
state, the situation is a classic strong-pump, weak-probe
scenario, and the repumping rates can be estimated using
ordinary incoherent rate equations.
If the repumping laser were on exact resonance to the
excited state of the cycling transition, it would be suf-
ficient to use a laser irradiance slightly above the satu-
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FIG. 3. (color online). Arrows show the four quasi-
cycling transitions between themF ′′ and mF ′ sublevels of the
Q11(0.5) branch in CaF, when illuminated with pi-polarized
light. All four line strengths are the same. Energies are not
drawn to scale. Radiative decay to N ′′ = 2 is allowed, so a ro-
tational repumping laser tuned 62 GHz to the red is required.
ration irradiance Is for the cycling transition, typically
just a few tens of mW/cm2. This holds true regardless
of the strength of the dark-state transition, because if
the decay branching fraction to a particular state is α,
the square of the dipole matrix element for the repump-
ing transition scales as 1/α, but the required repumping
rate needs only to keep up with the loss rate, introducing
a compensating factor of α in the required irradiance.
For the BCF case, the situation is more complex be-
cause of the time-dependent interference of the coun-
terpropagating bichromatic beams, which causes the
dressed-atom levels to vary in energy on a distance scale
of about λ/4 [25, 30]. For a molecular beam velocity
of ≃ 100 m/s, this causes time-dependent shifts of the
dressed energies on a nanosecond time scale, with a com-
plicated structure that varies inhomogeneously and also
evolves with the deceleration of each atom, due to vary-
ing Doppler shifts. Although an exact solution would
require very detailed numerical modeling of the multi-
level optical Bloch equations, a much easier approach is
to consider the incoherent excitation rate to a state whose
effective linewidth is given by the energy range spanned
by the dressed energy levels. This is a good approxima-
tion so long as the time scale of the energy shifts is much
faster than the required repumping rates. The resulting
effective linewidth is slightly less than δ, depending on
the BCF Rabi frequency, as can be seen by examining
the dressed energy levels in Fig. 6.4 of Ref. [25] or Fig.
3 of Ref. [30]. It should be noted that when the dia-
batic dressed-state energies change by more than δ on
these plots, this corresponds to emission or absorption of
a photon, while the actual atomic energy remains within
the range (−δ/2, δ/2).
This effective linewidth is actually rather convenient
because it is typically sufficient to span all of the fs and
hfs sublevels of a given rovibrational transition, making
it unnecessary to use modulators to produce multiple
repumping frequencies tuned to each sublevel. On the
other hand, the irradiance required for repumping scales
with the linewidth, and thus is increased from Is by a
factor of approximately δ/γ. Because this scaling is only
linear with δ rather than quadratic as for the main BCF
beams, the laser requirements will typically still be mod-
est, on the scale of several hundred mW/cm2, requiring
only several mW to produce a mm-size beam.
Up to this point, we have assumed that all of the
ground-state quantum levels, both active and dark, are
statistically equilibrated by incoherent radiation and re-
pumping. This is actually something of a worst-case as-
sumption, since the coherently cycling dressed-atom lev-
els offer opportunities for more subtle manipulation of the
populations. A well-chosen repumping frequency might
in principle be used to select a dressed excited state that
has little pre-existing population, although this partic-
ular method for one-way repumping would be likely to
wash out when averaging over atoms. More interesting is
the prospect of a coherent repumping scheme that is syn-
chronized to the bichromatic beat note frequency, either
by the use of pulse trains with rf repetition frequencies or
multi-color excitation. Such a scheme might selectively
populate dressed-atom states with a consistent phase, en-
hancing the BCF while producing a non-equilibrium pop-
ulation distribution. A systematic investigation of such
schemes will require very careful nanosecond-scale mod-
eling of the full OBEs, which we hope can be conducted
in the future.
III. APPLICATION TO CALCIUM
MONOFLUORIDE
The CaF molecule makes a good test case for several
reasons. As noted in the Introduction, its spectrum has
been extensively studied. Its large molecule-fixed dipole
moment of 3.07 Debye [34] and its small rotational con-
stant of 0.3437 cm−1 [35] make it attractive for studies
of dipolar interactions in applied external fields, although
like many polar molecules, CaF has a Λ=0 ground state
and thus has a linear Stark effect only when the exter-
nal field is large enough to induce rotational mixing. CaF
has recently been used to demonstrate a buffer-gas cooled
beam [36] and a scheme for alternate-gradient focusing
[37]. The Rydberg states of CaF are of special inter-
est because of the effects of the very large dipole mo-
ment of the CaF+ core, 8.9 D relative to the center of
mass [11]. Finally, its accessible ionization energy (IE)
of 46796.4 cm−1 facilitates resonant multiphoton ioniza-
tion (REMPI) and the excitation of high Rydberg states.
Most important, CaF is also an excellent candidate for
tests of BCF slowing and cooling. Relative to SrF, the
CaF molecule has about half the mass, making it easier
to slow, and its fine structure is smaller [35], making it
easier to achieve a bichromatic detuning δ larger than the
6fs and hfs level spacings. Either of the two near-cycling
A − X , (0-0) transitions introduced in Figs. 2 and 3
could be used. Here we consider the example of Fig.
3, the Q11(0.5) branch at 606.3 nm, which has four es-
sentially independent stimulated cycling transitions and
corresponds to scheme (3) above. Because 1/3 of the
spontaneous decays occur to N ′′ = 2, a rotational re-
pumping laser is necessary. Vibrationally the (0-0) band
has a Franck-Condon factor of about 0.987 [17, 18] that
is even higher than for the analogous A − X system of
SrF. Nevertheless, for very large momentum transfers a
vibrational repumping laser will be necessary on the (0-1)
band at 628.5 nm, which should reduce the loss rate by
at least a factor of 50 [3]. No complications are expected
from coherences between the four separate cycles in Fig.
3, because when spontaneous decay events occasionally
transfer molecules from one cycle to another, they ran-
domly reset the phase. Thus the sample is effectively di-
vided into four sub-samples that each experience a BCF,
although it will be slightly smaller for F ′′=0 because of
the 122 MHz hfs shift relative to F ′′=1. In Section IV
we experimentally evaluate a similar level scheme using
an atomic helium beam.
A well-collimated and relatively slow beam source will
be needed if the BCF is to provide deceleration sufficient
for loading a cold molecule trap. Fortunately, intense
and rotationally cold beams are possible with laser ab-
lation sources, and laser-induced fluorescence has been
used successfully by several groups to detect and char-
acterize molecular beams of CaF. At ordinary thermal
temperatures, an intense supersonic beam can be formed
by methods such as that of Ref. [18], in which a pulsed
jet of argon and SF6 is placed close to a calcium laser
ablation target, yielding a pulsed jet with a rotational
temperature of just 3 K. To obtain lower common-mode
velocities, the buffer-gas cooling method has been em-
ployed successfully both for CaF [36] and SrF [38], and
can provide bright beams with velocities of about 140
m/s. If a bichromatic detuning of δ/2pi=250 MHz is
used, Eq. 3 predicts a velocity range ∆vb = 150 m/s
that would permit slowing all the way to zero velocity.
In table II we list representative parameters based
on recent measurements of the A state lifetime and the
Q11(0.5) saturation irradiance (Is = 22.2 mW/cm
2) ob-
tained using laser-induced fluorescence [18]. In keeping
with the above discussion, we assume a bichromatic de-
tuning of 250 MHz, or δ=30.2 γ. The excited-state prob-
ability Pe is taken from Eq. 7 using ge=4, ga=4, and
gd=13, based on the 13 dark sublevels of the N
′′=2 state.
The force reduction factor η due to repumping is taken to
be 0.78, based on an optimal BCF for the three F ′′=1 lev-
els and a very inefficient BCF for the detuned F ′′=0 level.
The estimated laser irradiance requirement of 60 W/cm2
for each of the four BCF beam components (two beams,
each with two colors) is well within the range that can be
obtained with a single cw dye laser using a beam diam-
eter of about 0.5 mm. A factor of two is gained because
the counterpropagating beam can be obtained by simple
TABLE II. Representative BCF parameters for CaF, assum-
ing no vibrational repumping, Pe = 2/19, η = 0.78, and a
degeneracy factor of 6/19 in Eq. 8. With vibrational re-
pumping, Tloss would increase to ≈ 350 µs and ∆vloss would
exceed ∆vb, although the forces Fb and Frad would be reduced
by nearly a factor of two due to the additional degeneracy of
17 dark states with v′′=1.
Parameter Symbol Value
Bichromatic detuning δ/2pi 250 MHz
Deceleration a 1.4 × 106 m/s2
Bichromatic velocity range ∆vb 150 m/s
Loss time Tloss 14 µs
Loss-limited velocity range ∆vloss 19.4 m/s
Optimal irradiance Ib 60 W/cm
2
Ratio of BCF to rad. force Fb : Frad 12.4
reflection of the copropagating beam on a mirror spaced
7.5 cm from the molecular beam. At this spacing, the op-
tical propagation delay produces the required pi/2 phase
shift between the bichromatic beat notes in the forward
and reverse-directed beams. It would also be possible to
work with larger beams or larger bichromatic detunings
by using multiple reflections between a pair of off-center
mirrors separated by 30 cm, which would again maintain
the bichromatic beat note phasing.
In this example the velocity change is constrained to
just 19.4 m/s due to vibrational loss to v′′=1. However,
the introduction of a vibrational repumping laser would
remedy this by increasing ∆vloss to 250 m/s, larger than
the full bichromatic velocity range ∆vb. This would also
allow for significant longitudinal cooling if the velocity
range were chosen with a lower limit at a small non-zero
value, since there would be time enough for atoms to
accumulate at the lower velocity limit of the range.
There is an additional loss mechanism that has so
far not been taken into account, the possibility of off-
resonant excitation into the wrong rotational branch
caused by the intense BCF beams. In this example the
largest such contribution arises for molecules that have
radiatively decayed to the N ′′=2, level, which can be
excited on the R12(3/2) branch by the BCF beams be-
fore they are repumped to N ′′=1. This transition is off-
resonant by 20.4 GHz, or about 2500 γ. Because this
greatly exceeds the Rabi frequency, the estimated transi-
tion rate is small, roughly 3000/s based on a simple rate-
equation estimate, and still allows for the full bichromatic
slowing time Tb. However, in other molecules this would
not always be the case, and losses to off-resonant exci-
tation must always be considered carefully as a possible
limiting factor in BCF deceleration and cooling.
Another effect of off-resonant transitions is that they
lead to ac Stark shifts that vary from level to level, shift-
ing the transitions used for the BCF from their optimal
values. Because the BCF is robust against small fre-
quency shifts this should be insignificant in most cases
7— for CaF, the estimated shifts are just a few MHz. A
particularly stringent test occurs in He*, where the 2P2
level is close enough to the 2P1 level to cause large shifts,
as we discuss in Section IV.
So far we have considered only longitudinal slowing
and cooling. In some cases, only transverse deflection
or focusing is needed, and this is a far easier to achieve.
For transverse deflection, an interaction length of 5 mm
along a supersonic CaF beam gives an interaction time
of 10 µs at 500 m/s, somewhat less than the estimated
time Tloss for radiative loss to (0-1) transitions if there is
no vibrational repumping laser. The resulting transverse
velocity increment of 14 m/s corresponds to a deflection
angle of 28 mrad, more than adequate to achieve sepa-
ration from the original beam. The momentum transfer
of about 1200 ~k would considerably exceed all previous
results for molecular deflection by optical forces: 1 ~k
and 20 ~k for Na2 [29, 39], and most recently, 150 ~k for
SrF [2].
An interesting variation on the transverse deflec-
tor would be to use transform-limited microsecond or
nanosecond pulses for a “one-shot” deflector, operating
for only a single radiative lifetime so that no cycling tran-
sition is needed. This could be accomplished using very
large detunings and high pulse irradiances, which are
limited only by the onset of ionization of the molecules.
Based on recent atomic helium studies, detunings up to
at least 200 γ (1.65 GHz for CaF) could be expected to
produce useful BCFs. This scheme could provide state-
selective deflection for nearly any molecule with accessi-
ble transitions.
IV. EXPERIMENTAL TESTS IN ATOMIC
HELIUM
A. Atomic helium as an experimental analog to
CaF
As discussed in Sections II and III, one major depar-
ture of the BCF for a realistic molecular transition from
the two-level atomic model is the simultaneous cycling of
severalmJ ormF levels. This occurs both in schemes (1)
and (3) of Section II. Here we experimentally evaluate
this scenario using the 1083 nm 2 3S1 ↔ 2 3P2 transi-
tion in metastable helium (He*). The usual BCF scheme
for He* cycles the (1,2) component of this transition by
the use of σ+ circularly-polarized light [19, 24], where
the notation (1,2) is used to denote m=1 ↔ m′=2. The
usual arrangement has the advantages of providing the
largest possible transition strength as well as providing a
near-perfect two-level atom due to the absence of hyper-
fine structure. If instead the bichromatic slowing beams
are linearly polarized (pi polarization), then the (−1,−1),
(0,0) and (1,1) components will all be driven simulta-
neously as shown in Fig. 4. This configuration is rather
similar to the Q11(0.5) transition in CaF, shown in Fig. 3.
Although the overall 2 3S1 ↔ 2 3PJ′ system is closed, an
FIG. 4. (color online). (a) Relevant energy levels in
metastable helium, showing the two BCF frequency compo-
nents and an off-resonant coupling to the 2 3P1 state, dis-
cussed in the text. The distant J ′ = 0 fine-structure level
plays no significant role and is not shown. (b) Zeeman sub-
levels, with vertical solid arrows indicating allowed transi-
tions for pi-polarized light, labeled with their relative transi-
tion strengths [31]. The vertical dashed lines indicate transi-
tions giving rise to off-resonant excitation and ac Stark shifts,
and the angled dashed line indicates is the transition excited
by σ+ polarization in the conventional BCF configuation for
He*.
added complication in helium is that there is strong off-
resonant coupling to the 2 3P1 fine-structure level, pro-
viding a good opportunity to test the effects of an off-
resonant level in a situation where it does not lead di-
rectly to permanent population loss. Here we study this
configuration using a very large bichromatic detuning of
δ/2pi = 300 MHz, corresponding to nearly 200 natural
linewidths.
The optical power requirements inevitably increase
when moving from a two-level to a multi-level scheme.
Here we simultaneously drive three transitions, two op-
timally and one slightly more strongly than optimally.
Specifically, the irradiance is chosen such that the opti-
mal Rabi frequency criterion ΩR =
√
(3/2) δ [24] holds
for the (-1,-1) and (1,1) components. This requires ex-
actly twice the irradiance needed to drive the (1,2) com-
ponent using σ+-polarized light, or about 68 W/cm2 for
δ/2pi = 300 MHz. The (0,0) transition will then experi-
ence ΩR =
√
2δ in the center of BCF laser beams, too
high by about 15%. In practice, the BCF must be av-
eraged over the Gaussian laser beam profile. Based on
measurements of the laser power dependence when using
σ+ polarization, we estimate that the spatially averaged
BCF is reduced only by about 5% when the peak irradi-
ance is too high by 15%.
As already mentioned, another important considera-
tion is the effect of off-resonant coupling to the 2 3P1
fine-structure level, which lies 2.29 GHz above the target
2 3P2 state. While the (0,0) component of this transition
is forbidden, the (1,1) and (-1,-1) transitions are allowed,
as denoted by the vertical dashed arrows in Fig 4, with
the same line strengths as for the equivalent componetns
8of the 2 3S1 − 2 3P1 transition. This does not cause loss,
since 2 3P1 decays radiatively back to 2
3S1, but it can
cause two other issues:
(1) If the laser power is sufficiently high, the off-
resonant transition rate can be significant. This rate
is still much slower than the cycling rate for the target
transition, and it should be incoherent, so it is not ex-
pected to directly interfere with the BCF. However, if it
is comparable to the spontaneous decay rate γ = 107/s,
it will result in substantial populations in the two cou-
pled sublevels m′ = ±1 of the 2 3P1 state, which do not
participate in the BCF. In the present case we estimate
an excitation rate of 0.027γ, too small to cause any ob-
servable force reduction.
(2) There can be significant level-dependent ac Stark
shifts, in this case for the 2 3S1,m = ±1 levels, which
shift the bichromatic detunings from ±δ into an asym-
metric configuration. These ac Stark shifts can be writ-
ten as
∆ωac =
Ωm,m′
2∆2
, (10)
where Ωm,m′ is the Rabi frequency for the (m,m
′) com-
ponent of the 2 3S1 − 2 3P2 transition, and ∆ is the de-
tuning from 2 3P1, approximately ∆ = (2.29 GHz)×2pi
± δ for the BCF frequency components at ∓δ. The
Stark shifts are time-dependent on a nanosecond scale
due to the interference of the bichromatic beams, much
as for the repumping of molecular transitions discussed
in Section II B. The time-averaged shift is ∆ωac/2pi =
−120 MHz for m = ±1. This is more than 1/3 of
the bichromatic detuning δ, and using Table I, it leads
to a force reduction factor of η ≃ 0.2. However, the
m = 0 sublevel is nearly unaffected, since it is shifted
only by interaction with the distant 2 3P0 level, detuned
by ∆/2pi ≈ 32 GHz.
Taking all of these effects into account and averaging
over the three m sublevels of the 2 3S1 state, we esti-
mate that that the effective bichromatic force should be
Feff ≈ 0.45 Fb, where Fb is the ordinary BCF for σ+ po-
larization. While this loss of force is significant, the in-
teraction time of the atoms with the BCF beams is about
26 µs, about 5.6 times the bichromatic slowing time Tb
for σ+ light. This is sufficient to slow the atoms through
the full BCF velocity range even with the reduced force,
so we predict little effect on the observed velocity profiles.
B. Experimental design
A diagram of the experimental apparatus is shown
in Fig. 5. The metastable helium source is a reverse-
pumped, liquid nitrogen cooled dc discharge source de-
signed by Kawanaka et. al. [40] as modified by the group
of Niehaus [41], with additional external modifications to
permit installation in an existing vacuum chamber. The
metastable atom flux from the source is about 1011 He*
atoms/sr·s with a most probable velocity of approxi-
mately 1050 m/s and a metastable fraction of roughly
5 × 10−5 [31]. The atom beam passes from the source
chamber through a 500 µm diameter skimmer aperture
into a time-of-flight chamber in which it is collimated
by a 70 µm diameter collimating aperture before being
mechanically chopped by a tuning fork chopper operat-
ing at 160 Hz with a 100 µm slit width. The resulting
chopped atom beam, with a divergence half-angle of 4.1
mrad, travels through the counterpropagating BCF de-
celerator lasers for a few cm. After an additional time-
of-flight path, the chopped beam impinges on a stainless
steel Faraday cup. Electrons ejected from the surface by
He* atom impacts are collected and detected by a Cera-
tron continuous dynode electron multiplier, and the He*
velocity distribution is then calculated from the time of
flight spectra.
The bichromatic decelerator beams are generated from
a single diode laser locked to the 2 3S1 − 2 3P2 transition
at 1083.3 nm using a saturated absorption spectrometer.
The laser at frequency ω12 (see Fig. 4) is double-passed
through an acousto-optic modulator (AOM) operating
at the bichromatic detuning frequency δ/2pi = 300 MHz
producing two superimposed frequencies at ω12 ± δ and
then coupled into a fiber laser amplifier with a single-
mode output of up to 7 W cw. The amplified beat-
note train is split into equal parts and Doppler frequency
shifts of ±kv/2pi = ±800 MHz are added using addi-
tional AOMs to center the bichromatic force at about
866 m/s. An optical delay line is used to set the rela-
tive phase between the two bichromatic beat note trains
to the optimal φ = pi/2 [23]. The bichromatic beams
enter the chamber linearly polarized, pass through op-
tional quarter-wave retarders to produce σ+ light when
required, and cross the helium atomic beam at an angle
of about 1◦. The beams are tightly focused to waists
with top-hat radii of 0.32 mm to provide the required ir-
radiance without exceeding the capabilities of the ampli-
fier, resulting in an overlap with the atomic beam about
3.1 cm long but with a transverse overlap of only about
20%.
Initially the bichromatic slowing parameters were op-
timized using σ+ light and time-of-flight profiles were
acquired, then the in vacuo 1/4 wave retarders were re-
moved and the experiment was repeated with pi polar-
ization at twice the irradiance, under otherwise identical
conditions. Finally, the retarders were replaced and the
σ+ experiment was run a second time to verify repro-
ducibility of the results.
C. Experimental results
The resulting velocity distributions of the metastable
helium atoms are shown in Fig. 6. Because only 20% of
the beam area overlapped the central full-power region of
the Gaussian laser profile, the changes due to the BCF
are limited in amplitude. In both experimental configu-
9FIG. 5. (color online). Experimental configuration for observing the BCF in atomic He with σ+- and pi-polarized light. The
λ/4 retarders inside the vacuum chamber are removed to produce pi polarization. Polarizing beamsplitter cubes are denoted
by PBC, and a beamsplitter by BS.
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FIG. 6. (color online). Comparison of bichromatic slowing of
metastable helium using σ+ polarization (top) and pi polar-
ization at twice the laser irradiance (bottom). Effects of the
BCF are observed between about 700 and 1050 m/s, but are
confined to about 20% of the atoms within the BCF velocity
range, because of limited transverse overlap with the tightly
focused lasers. The additional shifts in the velocity profile at
1050-1300 m/s are not bichromatic in nature — they arise
from the strongly saturated force from one of the four com-
ponent beams acting alone, producing small shifts for a large
number of atoms.
rations, a corresponding fraction of the atoms are slowed
by an average of ∆v ∼= 180 m/s. This corresponds to
an average slowing of 100γ ≈ δ/2k, about 1/2 the full
velocity range of the bichromatic force [24], as expected.
The total atom number in both cases is preserved to bet-
ter than 1%. Comparison of the velocity distributions in
parts (a) and (b) of Fig. 6 shows that the effects of the
TABLE III. Measured BCF depletion percentages, as a func-
tion of the frequency shift of ω0 from exact atomic resonance.
Shifts are measured as a fraction of the bichromatic detuning
δ. Because the interaction length for this measurement was
3-4 times the BCF slowing distance, little effect is expected
until the force is reduced by a corresponding factor.
Fractional Shift Depletion (%)
0 35
0.1 30
0.2 27
0.3 29
0.4 16
BCF are quite similar for σ+ and pi polarization, verifying
our expectations. Although we cannot accurately mea-
sure the force reduction for the pi-polarized case, we can
say with assurance that it is by no more than a factor of
3− 4. This demonstration confirms that the bichromatic
force can successfully be used in slowing atoms with more
than one cycling transition.
In a separate variation of the experiment, we have
also specifically tested the effects of frequency shifts in
the pure two-level configuration, using an arrangement
slightly different from Fig. 6. For this measurement a
small bichromatic detuning δ = ±100 MHz was used so
that the fiber amplifier could be omitted. The bichro-
matic slowing parameters were experimentally optimized
with σ+ light, and then the laser center frequency ω0 was
offset by using an AOM in each of the two-color beams.
We characterized the efficiency of BCF slowing by mea-
suring the depletion dip in the velocity profile, at the
10
velocity that corresponding to the minimum of the dip
for zero shift. Table III shows the results, which show
only minor effects until the shift reaches 0.4 δ. This is
consistent with the calculated force reduction factors η
in Table I, because the interaction length was about 3-4
times the BCF slowing distance, meaning that the veloc-
ity profiles should not be much affected until the force
is reduced by a factor of 3-4. Table I indicates that this
should occur for shifts exceeding about 0.3 δ, where a
sudden decline in the depletion dip is indeed observed.
The most important aspect of this test, though, is not
the onset of the decline so much as the demonstration
that for shifts below 0.3 δ the BCF works well. This
explicitly verifyies our expectation that the BCF will be
robust against small molecular frequency splittings.
V. SUMMARY
It appears practical to use the BCF to obtain order-
of-magnitude enhancements over the radiative force on
diatomic molecules. The necessary conditions are that
ample laser power is available, that the small-scale spec-
troscopic structure due to fine and hyperfine structure is
not excessively complex, and that the rotational branch
selected for BCF excitation is well-isolated from other
branches involving the same upper and lower levels. Spe-
cific calculations for the A − X transition in CaF show
considerable promise for BCF deceleration and cooling
on the Q11 branch of the (0-0) band, including the abil-
ity to decelerate an initially cryogenic beam to a stop if
a vibrational repumping laser is used. Operation with
faster initial velocities may be possible by incorporating
refinements such as properly phased multipass beams and
coherent repumping. We demonstrate with an atomic
helium experiment that the BCF is not greatly impacted
by the presence of multiple, simultaneously-cycling tran-
sitions, by using pi-polarized light to simultaneously drive
three magnetic sublevels of the 2 3P2−2 3S1 transition. In
this example a substantial BCF is obtained even in the
presence of strong off-resonant coupling to the nearby
2 3P1 state, which produces large level-dependent fre-
quency shifts.
We also remark that the conditions for significant
transverse deflection and cooling are much less strin-
gent than for longitudinal deceleration, and the BCF has
considerable promise as a method for producing state-
selected molecular beams by deflection using long-pulsed
lasers, even for transitions that are not close to meeting
the near-cycling condition.
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